Abstract Survivors of childhood brain tumors (BTs) treated with CNS-directed therapy show changes in cerebral white matter that are related to neurocognitive late effects. We examined the association between white matter volume and working memory ability in survivors treated with conformal radiation therapy (CRT). Fifty survivors (25 males, age at assessment = 13.14 ± 2.88, age at CRT = 7.41 ± 3.41 years) completed Digit Span from the Wechsler Intelligence Scales for Children, 4th Edition and experimental Self-Ordered Search (SOS) tasks as measures of working memory. Caregiver ratings were obtained using the Behavior Rating Inventory of Executive Function. MRI exams were acquired on a 1.5 T scanner. Volumes of normal appearing white matter (NAWM) were quantified using a well-validated automated segmentation and classification program. Correlational analyses demonstrated that NAWM volumes were significantly larger in males and participants with tumors located in the infratentorial space. Correlations between NAWM volume and Digit Span Backward were distributed across anterior and posterior regions, with evidence for greater right hemisphere involvement (r = .32-.34, p B .05). Correlations between NAWM volume with Digit Span Backward (r = .44-.52; p B .05) and NAWM volume with SOS-Object Total (r = .45-.52, p B .05) were of greater magnitude in females. No relationship was found between NAWM volume and caregiver report. Working memory performance in survivors of pediatric BTs treated with CRT are related to regionally specific NAWM volume. Developmental differences in cerebral myelination may explain findings of greater risk for neurocognitive late effects in female survivors. Future studies are needed to better isolate vulnerable white matter pathways, thus facilitating the development of neuroprotective interventions.
Introduction
Survivors of pediatric brain tumors (BTs) treated with CNS-directed therapy are at significant risk for neurocognitive deficits that impact functional outcomes [1, 2] . These deficits reflect difficulty acquiring skills at an age appropriate rate [3] . Specific deficits in attention, processing speed, and working memory have been identified in survivors of childhood BTs [4] [5] [6] . Working memory is a limited capacity system used to store and manipulate information in support of goal-directed behavior [7] . Working memory accounts for a substantial portion of developmental variance in global intelligence in healthy children [8] and in childhood cancer survivors [9] . Performance on working memory tasks improves throughout adolescence [10] . The dorsolateral prefrontal cortex and parietal lobes are frequently implicated in functional imaging studies of working memory [11] . Structural neuroimaging studies document protracted development maturation of white matter connections between these regions, including the cerebellar-thalamo-cerebral and fronto-subcortical circuitry [12, 13] .
The goal of contemporary treatment protocols for childhood BTs is to maintain survival rates while improving neurocognitive outcomes. Conformal radiation therapy (CRT) uses three-dimensional imaging to closely target the volume of brain to be treated, thus reducing the amount of normal brain tissue in the radiation field. CRT has been used successfully to treat focal neoplasms in children without compromising disease control [14, 15] . Longitudinal studies of survivors document relative sparing of performance on measures of global intelligence [16] and adaptive functioning [17] . Despite these promising findings, survivors treated with CRT continue to be at risk for problems with reading [18] , functional communication [19] , and visual-auditory learning [20] . Parent ratings completed for survivors of childhood BTs who were 5 years post-treatment with CRT documented increased risk for working memory problems when compared with healthy age-matched peers [21] . This cohort performed significantly below age expectations on performance-based measures of working memory when compared to agematched peers and to survivors of childhood cancer treated without CNS-directed therapy [6] .
Multiple demographic and clinical factors are associated with neurobehavioral outcomes in survivors of pediatric BTs treated with CRT. Younger age at treatment, increased intensity of treatment, and additional treatment with chemotherapy are most frequently linked to increased risk [4, 16, 18, 20, [22] [23] [24] . Other factors include severity of clinical presentation (e.g., hydrocephalus at diagnosis) [25] and supratentorial tumor location [16, [18] [19] [20] 26] . The number and extent of surgical resections have been associated with poorer baseline neurocognitive performance [19, 20] .
Findings regarding gender differences in survivors of pediatric BTs treated with CRT are mixed. Male gender was predictive of significant improvement over time in verbal auditory learning in survivors of localized ependymoma treated with CRT [16] . Female gender predicted lower scores on a verbal auditory learning measure for survivors of pediatric craniopharyngioma; however, a gender effect was not seen in children treated for low grade glioma [20] . There was no effect of gender on a decline in functional communication skills over a 5-year period in survivors treated for localized ependymoma with CRT [19] . Caregiver ratings of working memory problems were significantly elevated in male survivors of pediatric BTs treated with CRT [21] ; however, no gender effect was found on performance-based measures [6] . Clarification of risk and resiliency factors associated with neurobehavioral outcomes in survivors will inform the development and implementation of interventions and facilitate decisionmaking for families.
The impact of CNS-directed treatment on cerebral white matter has been most consistently investigated in survivors of pediatric medulloblastoma, who are treated with maximal surgical resection and whole-brain craniospinal irradiation (CSI) [26] [27] [28] [29] [30] [31] [32] . Using an automated segmentation and classification program, subtle reductions of normal appearing white matter (NAWM) volume have been identified in survivors of childhood medulloblastoma following treatment with CSI as compared to children treated for pilocytic astrocytoma with surgery alone [28] . A longitudinal study of 26 medulloblastoma survivors found decreased white matter maturation that was more pronounced in survivors treated with 36 Gy CSI versus those treated with 23.4 CSI [33] . To our knowledge, only one study has examined the impact of CRT on white and grey matter T1 signal in children treated for BTs [34] .
The relationship between cerebral white matter and cognitive development is well established in healthy children [e.g., 35 ]. This association has been studied in survivors of pediatric BTs treated with whole-brain CSI [28, 30, 31, [36] [37] [38] [39] [40] [41] . Using data from a heterogeneous cohort of BT survivors, Reddick and colleagues found that 60-80 % of the variance in academic achievement was accounted for by NAWM volume, attention, and global intelligence (IQ) [31] . Diffusion tensor imaging (DTI) studies have found associations between reduced white matter diffusivity and global IQ [37] , processing speed [38] , working memory [39, 40] , and reading ability [41] in survivors treated with CSI.
To our knowledge, no study has explored the relationship between white matter and neurocognitive abilities in pediatric BT survivors treated with CRT. Exploring the impact of treatment modifications on neurodevelopmental outcomes post-therapy for childhood BTs will provide information that is crucial for understanding neurodevelopmental outcomes and interventions. Accordingly, this study aimed to investigate the association between cerebral white matter and working memory in survivors of pediatric BTs treated with CRT. Drawing from behavioral findings [6, 21] , we hypothesized that NAWM volume as measured on structural MRI exams completed in the context of protocol treatment would significantly and positively correlate with working memory. We also explored the impact of demographic (age and gender) and clinical factors (time since treatment, hydrocephalus with or without shunting, and tumor characteristics) on NAWM volume. We expected female gender, younger age at treatment, and tumor location to negatively impact NAWM volume.
Methods
All participants had been treated for a primary CNS tumor with CRT on an institutional phase II trial (RT-1; NCT00187226). CRT was administered over a 6-7 week course to a totaling dose of 59.4 Gy. The target treatment volume included the tumor or tumor bed, a 10-mm margin surrounding the tumor to treat microscopic disease. A 3-5 mm planning volume was included to account for uncertainty in patient positioning and image registration. MRI exams were obtained as per the clinical treatment protocol.
Fifty survivors were recruited for the current study. Recruitment was stratified by gender, age at neuropsychological assessment (8-12 years old; 13-18 years old), and tumor location (supratentorial; infratentorial). Participants initiated CRT at least 2 years prior to enrollment and had no evidence of recurrent disease at the time of participation. All participants were primary English speakers. Individuals with global intellectual impairment (IQ B 70) were not considered for participation. Participants were also excluded for a history of CNS injury or attention deficit hyperactivity disorder predating cancer diagnosis, the use of psychotropic medications within 2 weeks of study participation, and sensory or motor impairment that would impact assessment validity. The study was approved by the Institutional Review Board. Written informed consent was obtained prior to participation.
Procedure
Demographic information was obtained by caregiver questionnaire. Tumor location was categorized based on initial diagnostic neuroimaging. Clinical variables including tumor type, number and extent of surgical resection, hydrocephalus with or without shunting, and prior treatment with chemotherapy were extracted via chart review.
Participants completed two subtests from the Wechsler Abbreviate Scale of Intelligence (WASI) as a measure of abbreviated IQ (ABIQ) [42] . Scores on the WASI are agestandardized (M = 100, SD = 15).
Working memory was assessed using the Digit Span subtest from the Wechsler Intelligence Scales for Children, 4th Edition (WISC-IV), Integrated [43] or the Wechsler Adult Intelligence Scale, 3rd Edition (WAIS-III) [44] . This subtest includes Digit Span Forward and Digit Span Backward tasks. Digit Span Forward is a measure of auditory attention and recall and requires individuals to repeat verbatim number sequences read by the examiner. Digit Span Backward requires participants to repeat number sequences backward and is a measure of verbal working memory [45] . Z-scores were computed for the longest digit span forward (LDSF) and longest digit span backward (LDSB) using data provided in the WAIS-III and WISC-III manuals in order to combine performance scores across Wechsler scales.
Participants completed two computerized working memory measures: the Self-Ordered Search Verbal (SOS-V) and Object (SOS-O) tasks [6] . Briefly, participants were presented with stimulus arrays (words or objects) of increasing size. For SOS-O, the most recently selected object location is covered with a black square. Participants are instructed to select a stimulus only once. After each response, the stimuli are rearranged randomly, cuing the next response. The goal is to complete each trial in as few responses as possible. The task ends when the participant either selects all target stimuli in an array or after 3N responses, in which N is the number of stimuli in a trial. Error scores (E) are calculated for each array size in both the Verbal and Object conditions using the following formula: E = (R-N)/N where R is the number of responses.
Caregivers completed the Behavior Rating Inventory of Executive Function (BRIEF) to provide information regarding executive function problems in daily life [46] . The BRIEF is comprised of clinical scales (Inhibit, Shift, Emotional Control, Initiate, Working Memory, Plan/ Organize, Organization of Materials and Self-Monitoring), from which two index scores (Metacognition and Behavioral Regulation) and one composite score (Global Executive Composite) are derived. Scores are standardized by age and gender (M = 50, SD = 10). T-scores C1.5 SD above the mean (T C 65) indicate clinically significant problems. T-scores C1 SD above the mean (T C 60) indicate at-risk elevations.
Imaging acquisition
Data were acquired on 1.5 T whole-body MR systems using a standard polarized volume head coil (Avanto, Siemens Medical Systems, Inselin, NJ). Each series consisted of 27 contiguous 5-mm thick axial images. T1-weighted images were acquired with a gradient echo sequence, T2/PD-weighted with a dual spin-echo sequence, and fluid-attenuated inversion recovery (FLAIR) images were acquired with a multi-echo inversion recovery sequence. All MRI sets within an individual examination were registered and intensity inhomogeneity corrected. Tissues were segmented using an automated hybrid neural network segmentation and classification method [47] . Robust reliability and validity have been demonstrated for the segmentation method, with a predicted variance of approximately 2 % in the repeated measure of grey and white matter [48] . All regional NAWM volumes were assessed across a seven slice volume at the level of the basal ganglia and normalized to intracranial volume (Fig. 1) .
Statistical analyses
Distributions were examined for normality in order to determine whether the use of parametric statistics was appropriate. Descriptive analyses were conducted to characterize the participants with respect to demographic and clinical variables. Univariate analyses were conducted to examine whether total NAWM volumes differed by demographic or clinical variables. Post-hoc analyses were conducted using regional NAWM volumes for significant findings. Correlational analyses were used to examine the association between regional NAWM volumes and measures of working memory. Correlational analyses were conducted separately by gender and on the group as a whole. All reported p values are 2-tailed unless otherwise specified.
Results

Demographic and clinical characteristics
Twenty-five males and 25 females between the ages of 8 and 18 participated in this study ( Table 1 ). The majority of the cohort self-identified as Caucasian and non-Hispanic. Age at neuropsychological assessment and MRI examination were not significantly different (t (1, 49) = 0.34, p = .74). As such, all further analyses make use of the age at neuropsychological assessment. On average, participants were 6 years old at diagnosis and 7 years old at the initiation of CRT. Participants with infratentorial tumor location were significantly younger at diagnosis (t (2, 48) = 3.14, p = .00) and at initiation of CRT (t (37.45) = 3.86, p = .00). The group was balanced with respect to clinical characteristics including tumor diagnosis and location, extent of surgical resection, hydrocephalus, and shunt placement. Males and females were balanced with regard to tumor diagnosis (v 2 = 0.00, p = 1.00), tumor location (v 2 = 0.33, p = .60), surgical resection (v 2 = 0.08, p = .78), hydrocephalus (v 2 = 2.05, p = .15), shunt placement (v 2 = 2.05, p = .15), and treatment with chemotherapy (v 2 = 0.76, p = .38).
Summary of assessment findings
Performance and rater-based working memory data in Table 2 have been previously reported and are summarized here for ease of interpretation [6, 21] . Performance was within age expectations for the group as a whole on measures of intelligence and working memory. Two participants were excluded from data analyses for the SOS-V due to inadequate reading ability. There was a significant main effect for stimulus array size on SOS-V and SOS-O performance, demonstrating success in parametrically manipulating task difficulty. There were no significant demographic or clinical predictors of performance on Digit Span, SOS-V, or SOS-O. BRIEF parent ratings were excluded for one participant due to an elevated validity scale (negativity). Participants were categorized as elevated on BRIEF scales if T-scores were C61 (84th percentile). Caregivers rated participants as elevated more frequently than expected based on the rate in the normative sample on several scales.
Impact of demographic and clinical variables on volumes NAWM
There was no impact of tumor diagnosis, extent of surgical resection, hydrocephalus, shunt placement, or chemotherapy on NAWM volume. No significant associations were seen between NAWM volume and age at diagnosis or assessment or time since treatment. Mean total NAWM was significantly greater for males (t (2, 48) = 2.04, p = .05, d = 0.58) and in participants with tumors in the infratentorial space (t (2, 48) = 2.14, p = .04, d = 0.61). NAWM volume in the left posterior region was significantly greater for males than females (t (2, 48) Association between NAWM volumes and working memory Significant correlations were distributed across regions for the whole group and suggest that greater NAWM volume is related to higher LDSF and LDSB (Table 3 ). There were no significant relationships between NAWM volume and performance on SOS-Verbal or Object tasks or between NAWM volume and elevated BRIEF scales. In females, significant correlations were present between NAWM volume and performance on LDSB and SOS-Object (Table 4) . These correlations were of stronger magnitude but did not significantly differ from males. There were no significant associations between caregiver report and NAWM volume.
Discussion
This study examined NAWM volume and working memory in survivors of pediatric BTs treated with CRT. As expected, significant associations were seen between regional NAWM volume and performance on working memory tasks. For the group as a whole, better performance on LDSB was positively related to right frontal and right and left posterior NAWM volumes. Frontal and parietal involvement during working memory tasks is consistent with data from functional neuroimaging studies of healthy controls [11] . Findings of greater right hemisphere white matter involvement are consistent with those from acquired brain injury populations (e.g., TBI) and suggest that visualization is employed as a task strategy a SES is based on the Barratt Simplified Measure of Social Status which takes into account maternal and paternal education and occupation; scores can range from 8 to 66 with higher scores indicative of higher SES b Extent of surgical resection was dichotomized: biopsy/subtotal resection (tumor sampling to determine pathology; incomplete resection with gross residual disease present on post-operative neuroimaging) or near/gross total resection (incomplete resection with minimal residual disease present on neuroimaging; the complete absence of residual disease observed by neurosurgeon or on post-operative neuroimaging) c p value is from a Chi Square test that indicates whether there is equal distribution across subcategories. N = 50 * p value B .01 J Neurooncol (2014) 119:197-205 201 [45] . Findings underscore the importance of cerebellothalamo-cerebral connections in the development of working memory [39] . Contrary to our hypothesis, there was no relationship between NAWM volume and parent ratings. These results are consistent with findings from studies of adult survivors of childhood medulloblastoma [40] and studies in healthy children, although caregiver-reported executive function has been significantly associated with frontal volumes of grey matter [49] . Investigators should carefully consider the clinical and research utility of working memory measurements when designing studies. Performance-based measures appear to have greater neuroanatomical specificity, and thus may facilitate the identification of neural processes associated with cognition. Rater-based measures provide information regarding daily behavior that is often challenging to elicit during structured clinical assessment.
Hypotheses regarding the impact of demographic and clinical factors on neurobehavioral outcomes were partially supported. There was no significant effect of age at diagnosis, treatment, or assessment on NAWM volume, despite findings of performance deficits in comparison with healthy controls and children treated without CNS-directed therapy [6] . It is possible that our segmentation method lacked anatomical specificity (e.g., DTI). Participants with infratentorial tumors evidenced larger total NAWM volumes. This finding is not surprising when one considers the differential impact of tumor location on the development of cerebello-thalamo-cortical white matter connections. The finding that NAWM was not impacted by hydrocephalus is consistent with studies suggesting the initial impact of hydrocephalus and related surgery on white matter may lessen over time [50] .
Our study found significant relationships between working memory performance and NAWM volume in females. This finding is challenging to interpret, given that performance on working memory tasks did not differ by gender [6] , although caregivers rated boys as at significantly greater risk for working memory problems [21] . Nonetheless, it is possible that increased vulnerability to treatment-related brain changes may explain findings of increased risk for neurocognitive late effects in female survivors, given findings of gender-based differences in white matter development, including greater increase and later peak volume in healthy males [35] . Finally, more females had hydrocephalus than males. It is possible that differential effects of tumor size may be responsible, as females often have smaller heads than males. Studies exploring the impact of tumor size on neurocognitive outcomes would be useful to explore this hypothesis.
Limitations and future directions
To our knowledge, this was the first study to identify an association between working memory and NAWM volume in survivors of pediatric BTs treated with CRT. Our work is not without limitations. Recent clinical research studies make use of advanced imaging techniques, such as DTI, in scan acquisition; however, not all institutions have the capacity to integrate advanced techniques into routine clinical scanning. Our findings may be generalizable to a wider variety of treatment settings. Nonetheless, studies employing DTI are necessary in order to more specifically identify targets for interventions. Our rudimentary approach to segmentation resulted in a lack of specificity in brain behavior relationships. Despite this limitation, our findings are consistent with expectations based on functional neuroimaging studies of working memory. 
